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By Marvin Pitlcin, William N. Gardrxer, and. Zoward J. Curfman, Jr. 


SUMR'^RY 


'Tlae design of a two -stage, solid-fuel, roclcet-nropelled, 
general research pilotless aircraft (PM-l) suite.T 5 le"for investigating 
Btahillty and control at supersonic velocities is discussed. The 
flight-test investigation conducted thus far is discussed and 
informs-tion is presented on zero -length launchers and operational 
flight -test techniqv.es of two-stage rockets. 


The fli*;^t-test program thus far is sho\ni to Iiave resulted in 
che desigi of a general research mode]. ca,pahle of attaining velocities 
up to the velocity corresponding to a Mach nviaher of I.*:-. Suitable 
launching methods have teen devised and successful, radar tracking 
end inteinal radio -transmission of acceleration data,, pressure data, 
and "body motions have "been accomplished. 

Results of initial fligEit tests confirm the theoretical advantage 
of swept -hack-wing plan forms. Use of wings and fins swept hack 45° 
delayed the critical drag rise to a Mach muuher of approximately 0.9. 
uuccessful roll stahi.lization hy means of a rate -displacement, flicker - 
type, all -electric automatic pilot was accoraplished for Ifech numhors 
up to approximately 1.0. Information concerning the over-all drag 
characteristics of the RM-1 model at suhson.ic, transonic, ,?,nd super- 
sonic velocities is presented and discussed. 

The results of the tests sho^-/' close agreement aiaong three 
experimental methods of measuring transonic end supersonic velocities. 
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INTRODUCTION 


In recent yeax'*s, it has 1)6001116 evident tliat a critical and 
urgent need existed for inci’eased research on aircraft at transonic 
and supersonic velocities. During World Wai* II, the accelerated 
development of Jet propulsion and rocket motors resulted in the 
creation of power plants capable of propelling aixplanes and guided 
missiles at supersonic velocities provided the aerodynamic and 
operational requirements of such aircraft were loaoira. It was 
recognized at this time that pilotless aircraft, hi'therto utilized 
solely as military weapons, offered one of the few means of examining 
the actual f].ight characteristics of airplanes at very hi^i speeds . 

Such aircraft could he built to fly at supersonic velocities wlihout 
endangering human life , and it was believed tliat techniques could 
be devised to measure fundamental aerodynamic and operational flight 
data and to transmit these data to ground stations. 

Becaixse of tlie foregoing considerations, the Pilotless Aircraft 
Research Division of the Langley Memorial Aeronautical Laboratory 
was created in May 19^5 for the purpose of obtaining fundaaaental 
aerodynamic and opei-ational data at traiisonic and supex'sonic velocities 
by conducting research on pilotless airci’aft in flij^xt. In order to 
accomplish this purpose, engineering facilities were made available 
at Langley Field, Va., and a test station was set un on V/allops Island, 
Ya. 


Hie first of several research airplanes to be designed was the 
RM"1 configuration, a two-stage, rocket-propelled aixnraft designed 
to investigate stability and control probleBis in transonic and super- 
sonic fliglit. A fli^t-test program of broad genei-al scope was tlien 
started. Parts of this flight -test program have been completed. The 
present paper is concerned with the results of flight tests made to 
develop successful launching and operational techniques and with 
tlie significance of the data obtained in tests of an RM-1 model 
stabilized in roll flying at velocities up to tliose corresponding to 
a Mach numbei- of 1.4. A discussion is also presented of the over- 
all design and development of the test models . 


SYMBOIS 


V gross wei^it of missile at anj'' given time durliig fli^^t, pounds 
M mass, slugs (W/g) 

g acceleration of gravity, 32.2 feet per second per second 
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L lift normal to longitudinal body axis of EM-1 model, pounds 

T thrust along longitudinal body axis of EI4-1 model, pounds 

D drag along longitudinal body axis of RM-1 model, pounds 

absolute longitudinal acceleration referred to EM-1 body 
axis , feet per second per second 

ajj absolute normal acceleration referred to RM-1 body axis, 
feet per second per second 

7 flight “pa til angle, degrees 

t time, seconds 

At time increment, seconds 

AV velocitj" increment, feet per second 

A7 fll^t -path -angle Increment, degrees 

S launching angle, degrees 

0 angle of bank, degrees 

0 rolling acceleration, radians per second per second 
M Mach number (v/c) 

V velocity, feet per second 

c sonic velocity, feet per second 

Pj^ static pressure in free airstream, pounds per square foot 
p^ total pressure behind a normal shock, pounds per square foot 

E total pressure in free stream, pounds per square foot 

F maximum frontal ai-ea of EM-1 model, square feet 
S combined exposed area of wings and tall of EIvI-1 model, square feet 
p static pressure at aJLtitude, pounds per square foot 
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k ratio of specific heat at constaait pressure to specific heat 
at cons tan t volume 

Cj) drag coefficient 

A aspect ratio based on exposed area and span 
A angle of svfeephack, degrees 

p 

moment of inertia, slug-feet 

ANALlfSIS OF I*R0BLE14 


Tlae purpose of the present investigation vas to design and 
place into operation a general research aircraft that could be used 
to investigate stability and control probleriis in transonic and siiper- 
sonic flight. 

?relimina,ry analyses indicated tha.t tiae problems of lateral 
control and stabilization of high-speed aircraft wore likely to be 
most pressing because of the low rolling inertias and low rotary 
aerodynamic damping characteristics of these designs . Consequently, 
it was decided to attack those problems first. 

The over -all plan involved three basic stages. First, the 
model had to be designed to attain as high a speed as was practi- 
cable with existent facilities and loiowledge. Second, a preliminary 
flight -test program was necessary to solve any operational diffi- 
culties and to establish correct launching techniqu.es . These tests 
involved use of nonins trumen ted, or dummy, models. After these two 
stages of development were accomplished, it was planned to equip 
the models with instrumentation of various types capable of measuring 
stability and control phenomena. This stage, in particular, reqixired 
the development and fli^it testing of an adequate telemetering system. 
Cnee this aim was accomplished, it was felt that the RM-1 design would 
be ready for research tests of various tjnpes of automatic pilot and 
control . 


ISESIGN FOE SUPERSONIC VELOCITIES 


An adequate propulsive system, low aerodynamic drag, and strict 
weight control are the determining factors in the attainment of super 
sonic velocities . The problem confronting the designer was that of 
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designing an aircraft whicli woudd eiabody tliese factors and yet 
have adequate structural strength and space for instrumentation, 
end which would he easy to modify. 


Propulsive System 

Eesearch tests require the development of higli speeds only 
for the time Interval necessary to measure the ■ohencmenon under 
investiga.tion . Consequently, a propixlsive system insuring long 
flight range or duration was not necessary. Hiis consideration 
eliminated the more involved types of ;)et-propulsian system 
(such as liquid -fuel rockets or ram- Jet systems), and solid -fuel 
rockets were chosen as a propulsion so'orce. In order to simplify 
instrument construction and operation, it was desired to keep 
launching and flight accelerations to relatively low values. 

Rockets of relatively low tiirust and long firing times were there- 
fore chosen in prefei-ence to higii-tlirust rockets of short firing 
times. The British 5-inch cordite rocket motor, rated at 1200 
pounds thrust for seconds, was considered to meet the power 
specifications and was chosen for use in the Eli-1 model. 

Preliminary calculations indicated tiiat one r-ocket motor 
possessed insiifficient power to carry the estimated payload and 
structure of the EM-1 model to supersonic velocities . An 
addi cxonal power hoost was tlierefore roquii’ed. In pi’eference to 
using a catapult launching ramp which enteiled a large exj^enditure 
of work and time, it was decided to design the EM-1 as a tvro -stage 
rocket. With such an arrangement, the test hody of the EM-1 model 
woiad he attached to a booster tail rocket that wouHd Jettison 
itself after its fuel had been expended. Althou{^i 'the problems 
presented by a two -stage rocket system at first appeared formidable, 
it was felt that such an a^nrangement would ultimately prove superior 
to otlier methods of providing boost. 


Aerodynamic and Structural Design 

An over-all layout of the EM-1 configuration is presented 
as figi^e 1 and a photograph of the vehicle is shov/n as figure 2. 

The principles underlying the component design of tliis aircraft are 
discussed in the following sections. 

2o^Y_d£3ii3i.- The results of the investigation reported in 
reference 1 show that increasing the fineness ratio cf a body 
reduces its drag at supersonic velocities. Later results obtained 
in the Langley Fli^t Eesearch Division indicate that fineness ratios 
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of the order of 12 to 15 percent may he optijmm for lew drag at 
transonic velocities. A cylindrical hody was therefore designed to 
possess a fineness ratio as close to the optimnm as possible and 
yet he ccmpatihle with structural end installational requirements. 

Eie diameter of the cylindrical hody vras restricted to 6 inches, 
the minimum size required to house the sustaining rocket and yet 
carjry the estimated structwal loads and internal apparatus. A 
small conical nose was faired into the cylindrical part to form 
a hody of fineness ratio 22.5. This conical ~nose section was chosen 
after a study of the results of reference 2 which indicate that 
this shape would prohahly he as good aerodynamically as more refined 
shapes for use with bodies of large fineness ratio. 

Tlie EM-1 hody was designed to consist of a series of magnesium 
monocoque sections (see fig. 2), each section readily detachable from 
the others and housing separate parts of tlie equipment. In addition 
to the convenience of maintenance and installatioii, this feature 
provides for rapid modification of hody leng'tii. For tests of dummy 
models, the sections in front of the wing were replaced by a solid 
wooden body of identical shape and wei^it. 

Wing and tail de s ign . - Eecent developments in Germany and tiae 
hhited States (see references 3 and 4) have indicated 1116 desirability 
of utilizing swept -hack plan forms to increase the critical Mach 
number (delay the advent of compression shock) and hence to delay 
the rise in drag and the loss of control effectiveness at transonic 
and supersonic velocities . Altliou^ it was realized that sweephack 
did not guarantee improved aerodynamic characteristics at speeds 
exceeding tliat corresponding to tlie critical Mach number of tlie 
swept -back sections, nevertheless its use appeared to offer the most 
favorable approach to the problem of maintaining control throu^out 
the transonic and into the supersonic ranges of velocity. Wings and 
fins of 45 ° sweephack, therefore, were incorporated into the EM-1 
design. A sweephack angle of 45° was chosen because it was large 
enough to indicate the influence of sweephack on aerodynamic character- 
istics but small enou(^ not to introduce any serious structural or 
aerodynamic problems . Because of its hi{^i critical Mach number the 
MCA 65-010 airfoil section was incorpsorated into the wing and fin 
design . 


In order to minimize the rolling moments created by airplanes 
with swept-back plan forms when sideslipping at value of lift other 
tlian zero, a cruciform design was adopted for the wings and tail fins 
of the EM-1 model. With this arrangement the rolling moments created 
by one set of s^-rept-bacle wings are theoretically equal and opposite 
to those created by the other set. Actually, unpublished test data 
obtained in the Langley free-fli^t tunnel indicate that at moderate 
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and hl^ angles of attack or sideslip, "body-interferonce and partial- 
blanketing effects result in the creation of same rolling moments 
with sideslip. Tlie wings and fins of the BM-1 m.odel were con- 
structed of lamina -ted spiaice stressed to take a 12g load. 

A ileron - c ontrol design .- A plain -flap trailing -edge aileroi 
control was chosen for the first tests of the BM-1 model. These 
ailerons are mounted on two diametrically opposite wings and are of 
33 percent semiapan and 10 percent chord. As shown in figure 3, the 
ailerons are equipped with a 20° -beveled trailing edge to provide 
aerodjniamlc balance at subsonic velocities and are completely mass- 
balanced to avoid flutter . Tliey aie hinged on a pin which is internally 
spring-loaded to provide for easy removal and installation. Stops are 
provided to lim?,t the aileron travel to 'ilO®. Tne ailerons are 
constructed ox cast magnesium to reduce their inertia and are mass- 
balanced by a strip of dense metal alloy wiiich is attached to the 
leading edge of the control. 

"ta i l .design . - A study of launching ’techniques indicated 
that the primary problem involved in the design of a second-stage or 
booster rocket is •that of keeping the booster rocke’b carefu.llj’’ alined 
so ’that i’ts line of "tlxrust passes throiogh ’the centex' of gravity of 
the airplane . If ’this alinement is not accoiirolished, "the booster 
rocket will cx'eate large asymmetrj.c moments that , a’t launching or low 
speeds at which the aeroclynamic damping of -the airplsne is small, 
will result in violent maneuvering and eventual des truction of ’the 
airplane . It is also required that the ■ booster separate positively 
but EBicothly after firing to avoid Jarring the main body axxd that 
tliese aims be accomplished with a minimum of additional wei^^t. In 
addi-tion, the reaum-rard (destabilizing) movement of the center of 
gravi’by caused by booster attachment must be accounted for by addition 
of suitable stabilizing surfaces . These problems we*re solved as follows : 

Cx-uciform triaagular tail surfaces were attached to the rear end 
of the booster rockec to compensate for "die loss in static stability 
caused by rearward movement of trie center of gravity. The effectiveness 
of these surfaces was dete^-mlned by the -tlieory of reference 3 and 

checked by drop tes’bs of -scale dynamic models . 

In ox-der to avoid misalinement of ■the booster "tairust axis, a 
special fixture was designed to at-tach to ’the front end of the booster 
rocket. This fixture (see fig. Ij.) was designed to utilize tlie nozzle 
of the sustaining rocket as an alinement jig. tJhen assembled, the 
booster-fixture slide fits into tlie nozzle of the sustaining rocket 
and thereby prevents bending movements in any direction. The tlirust 
01 the booster rocket was transmitted to the lip of tlie sustaining- 
rocket nozzle so -that no load was brou^t to beax' on -blie internal 
plug. The booster fixture was also equipped with a con^ressed spring 
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which was designed to eject the "booster fran the sustaining nozzle 
after "booster firing (in the event that tlie drag of the "booster 
unit was insufficient) . This spring was held in its coiiipressed 
position "by means of a friction-grip assembly tl^tened with two 
hollc^f bolts containing delay-ignition explosive caps. These caps 
were vrired to the firing circuit and were set to release the friction 
grip after the missile was launched. The spring was released auto- 
matically after tlie booster thrust fell below .150 po’.nds . 

Automatic -nllot design ■ - An all -electric, flicker -tjT>e automatic * 
pilot design consisting of one rate gyroscope and one displacement 
gyroscope, solenoid servomechanisms, end the trai.ling-edge aerodynamic 
control was desigp.ed to stabilize the EM-1 model In roll. This 
system was chosen becau.se of its simplicity and becau.se of its 
inherent quick-acting opei’ation. A schematic layout of this system 
is shovm in figure 5* 

In operation, a deviation of the angle of bank and/or rolling 
velocity is detected by the gyroscopes which by means of a two- 
segment commutator, relay the pi^opor electrical sir^ad to the 
solenoid servoinechanisms mounted in each wing. Energization of the 
servomechanisms causes an abrupt deflection of the aerodynamic con- 
trols . 


The commercial rate gyroscope used in the EM-1 tests is oqviipped 
•vrith stops which limit its action to angles of baaak within tl4°. 

At a,ng?,es of bank greater tlaan these limits, control signals are 
deterrlried solely bj’’ action of the displacement gyi’oscape (ri^^it 
bank resulting in left aileron; left bank resu.lting in right aileron). 
V7ithin the rate limits, however, the rate gynoscope primarily 
determines the time of signal reversal, being so arranged as to cause 
the control motion to lead the body motion. (Control reversal is 
accomplished prior to reversal of tlae angle of bank.) 

Because it was realized that the time lag betvreen tlie time of 
signal reversal and the tiBie of full -control application would be 
the determining factor of the amplitude of the angle -of -bank 
osci.Uations under automatic control, every attempt was made to reduce 
the mechanical and electrical lag in the automatic -pilot system. 
Particular emphasis was given to reducing the time lag in tlie servo- 
mechanisms. The lag in seirvomechanisms , after developiient, was of 
the order of 0 .03 to 0 .05 second - values defining the time interval 
betvreen the time an electrical signal was introduced into tlie solenoid 
coils and the time the aileron controls reached full opposite de- 
flection ("tlO°). The povrer characteristics of the servomechanisms 
are shovm in figure 6. 
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APPAEATOS AND INSSRIJMEINTATION 


Launching Apparatus 

The EM-1 test bodies were launched from, a zero-length launching 
rang), a sketch of which is shown as figure 7* The launching ramp 
consists of a box beam mounted on a T-shape base and hinged at the 
junction of the T. Hie free end of the beam is auppoi-ted on a pin- 
ended strut which can be adjusted to raise or lower the end of the 
map and thus adjust tlie missile launching angle. 

>/lien mounted on the launching ramp, the E14-1 model is sup- 
ported either bj tv70 support airnis or by one support am and a tail 
rest. If the model is to be fired with a booster I'ocket, both support 
arms are used; if fired without a booster, one support am and tlie 
ta.il rest are used. The support aims are hinge -pinned to the ramp 
and are held in a retracted position by elastic shock cords. When 
a model is mounted on the ramp , a congionent of its wei^t holds the 
support aims erect. T'/hen tlie rocket is fired, the elastic cord 
causes the arms to retract into the rang) in order to clear the path 
of the airplane. A photograph of the E14-1 model mounted on the 
launching ramp is shoira as figur-e 8. 


Eadar Equipment 

A continuous -wave Doppler effect radar set, the AN/TPS-;> 

(see fig. S) , was used to obtain velocity -time records of the EM-1 
model during the early part of its flight. This radar set is 
a gi’ound installation that transmits continuous radar signals of 
Imam fregu.ency and wave lengtla along a cone -shape path of vertex 
angle of 7°. Eeflected radar echoes from a moving body are received 
by antenna, mounted near the transmitter and are laerged with tiie 
transmitted signals . The resultant beat frequencies are a function 
of the body velocities and are recorded as a trace on a chronograph 
device . The flight velocities are then determined from tiie chrono- 
graph records. 


Eadio Telemeter 

Instrumented models of the EM-1 model were internally equipped 
with a four-channel radio telemeter developed by the Instrument 
Eesearch Division of the Langley Laboratory. A photograph of the radio 
transmitter part of this device is sho\m as figure 10. In operation, 
the movement of one of the instrument commutators modulates the 


COIfEIIMTIiAL 


10 


CONFIDEIWIAL 


HAGA PM No. l6J23 


frequency of a subcarrier which, in turn, modulates the amplitude 
of a hi^i -frequency radio carrier. At the ground receiving stations, 
the radio carrier is detected with a wide -hand receiver and trie suh- 
carriers are fed to a set of four discriminators each of which is 
tuned to one of the center freqviencieB of tlie suhcarrier. Hie output 
of each discriminator is pi-oportional to the deviation of the iniiut 
frequency from the center frequency and is recorded hy a multiple - 
element recording galvanometer. 


Photographic Apparatus 

Photographic installations wex-e used throughout the tests of 
the PM-1 model to observe launcher operation and general fll^it 
behavior. Tliese installations included Mtchell 35“Klllimeter 
motion -picture cameras. Cine -Kodak l6-millimeter cameras, and Army 
K-24 aerial cameras in ground implacements « The K-24 cameras were 
used primarily to record laiuicher operation and opera-ted at approx- 
imately 3 frames per second. The Mtchell and Cine-Kodak cameras 
operated at 125 and 65; frames per second, respectiveljr. 


PEDUCTION OF DATA 


Accuracy 

Tie items telemetered in seme of the tests reported herein 
were angle of bank, norma?, acceleration, longitudinal acceleration, 
and total pressures. Experience has shcr.m that tlie total error 
involved in the telemetering of quantities such as tliese is of 
the order of 1 percent of the maximum scale readings. Consequently, 
the telemetered items are believed accura'be witiiin the following limits 


Longitudinal acceleration to .l6g 

Normal acceleration .. .......... to .lOg 

Total pressure tO.5 in. Eg 

Angle of bank relative to gyroscope reference ..... to .9 deg 


Determination of Fli^t Path 

The fli^t-path characteristics of the PM-1 model were 
detexmlned as follows : 
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If the assmptlon is made that the static stability of the 
EM-1 model is very large, the aircraft will tend to aline 
itself vith the relative vind at all tlDoes and the forces acting 
on it are those shown in figure 11(a) . Eesoluticn of these forces 
along tlie longitudinal and norms.l body axes of tlie model yields 
tlie relationships 

^ Longitudinal forces = I-Ia^ = T - D - W sin 7 (l) 

Normal forces = Majj = - W coo 7 + L ( 2 ) 

Dividing equations (l) and (2) by the mass M gives the acceleration 
equations 


The quantities 


T - D 


ar = ~ -- - g sin 7 

L M 

(3) 

L 

(4) 

ajj = - g cos 7 + - 

M 

T - D . . L 



of equation (3) and - of equation (1)-) 


represent tlie relative accelerations of tlie EM -1 model and can 
be directly obtained from telemeterod acceleration d.ata. Solution 
of equations (3) and (h) for tlie fli©rb-patli angle 7 by direct 
mathematical methods is difficult beoauee 7 is a function of the 
accelerations ar, and ajj. Consequently, recourse 7ras made to a 

step-by-step integration as f olla^s : 


Values of 


T - D , L 

and ~ against time were ob'tained from 


telemetered records and the total time scale was divided into a 
series of tiine increments At in length. V/hen tlie value of a 
quantity at the start of a time increment is denoted by the subscrint 
n and the value at lie end of an Increment by n + 1 the following 
iterant relaticxiships can be set up i 


(t - D ^ 
^L(n+l) ~ \ I' 


M 7 (n+l) “ ® ^(n+1) 


i'^\ 

®N/ ^ ■ 8 y + Ig! 

(n+1) (n+1) '^^-(n+l) 


(5) 

( 6 ) 


where 
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Av - .. ■ (8) 

'^Ln + ** ’'^I-Cn-H) 

A vectorial representation of equation (8) is shown as figure 11 (h). 
In order to start the trajectory calculations, it is necessary to 
know only the launching conditions. At time t = 0, the flight-path 
angle is equal to the launching angle e, and and are 

zero. These conditions are assumed to persist through the first 
time interval. 

During the time interval "between t = 0 and t = At, therefore, 


/"T - D^ 

a-L = - 6 3in e 

ajj = -g cos 6 + f I) 

^ At 


(9) 

( 10 ) 


where ( — — ] and ( -1 are values taken from the telemetered 
^ M 

data and averaged over the period At. 

From equations (9) and (lO), values of a^^ and ajg during the 

first time increment can he determined. By use of equation (8), Ay 
and hence y at the end of the first time period can he determined. 
The value of 7 obtained in this manner C8.n then he introduced into 

T “ D L 

equations (5) and (6) with new values of — — and - and the 

flight-path changes occurring in the second time increment then 
determined. The procedure is repeated for as long as desired and 
yields the time histories of the flight -path angle and the body 
velocities. Integration of the velocity curves will produce altitude 
and range data. 


Determination of Velocity 

Velocity values were obtained from the Doppler radar records 
by a simple mthematical treatment involving the recorded frequencies 
and the wave length of the transmitted radar -vra-ve . 

Velocity data were obtained from teleaietered longitudinal 
acceleration data by the following procedure : 

The variation of longitudinal acceleration in g units with time 
was determined from the fli^t records. These values were corrected 
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to absolute accelerations by subtracting the gravitational a.ccel- 
eration cou^sonent g sin y, vrhere the flight-path angle y is 
positive in climbing fli^t. The absolute acceleration was then 
plotted against time and the cxirve was integrated to yield longj.- 
tudinal velocity. 

Total -pressure measurements were convert-ed to l^Iach number by 
utilizing tiie following theoretical expression obtained from 
equations in reference 6. 


^ (Ic + |^k/(fc-l) 


This expression defines the ratio of tlie total, pressure behind a. 
normal shock wave p^ to the static pressure in tlie free sti'eam 

p^ in terms of Mach number M. The total px'essiupo p^ was obtained 

directly from test data. The static pressure p^ was obtained from 
standard atmosphere tables (reference 7) after the determination of 
tlie EM-1 trajectory by methods discussed previously in tlie present 
section. Tlie ratio of specific heats k was chosen as 1.4 for all 
calculations . 

The speed of sound c used to convert velocity to Mach number, 
was ob’tained from the rolaticnahip 

c = /iTPT 

where the gas consta;at for air E was chosen as I716, and T is 
the Plso‘'t-’te tcTmerature 3.n 9F at altitude. 


Drag and Normal Force 


■Eio drag of the EM-1 model in pounds -was obtained by multiplying 
tlie telemetered power-off longitudinal acceleration in g units by the 
weight of tlie missile. A similar procedure regarding normal acceler- 
ation was used to obtain normal force. Tlie drag coefficient was 


calculated from tlie x-elationship C 


'D 


D/F? 

k 1,52 


(See reference 1.) 


c: 

In certain cases, this coefficient was corrected to plan -form area by 
multiplying Cp by the ratio F/S , where S is tlie combined exposed 
areas of f our wings and four tails . 
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Ang].e of Bank 

Tiie telemetered, records were converted to angle of bank 
directly by use of preflij^t calibration results . 


EESULTS MD DISCUSSION 


Launching Characteristics 

Calculations . - In order to estimate the launching characteristics 
of the model, its drag and thrust characteristics were estlir?ated, 
and the step-by-step system of ce,lculatioii d.iscussod an the preceding 
section was utilized to calculate the fli£^it-path characteristics. 

Hie estimated drag curve used in the calcu.lations is shown in figure .12 
and is based on results presented in references 1 and 8. Figures 13 
and .l4 present the calculated zero -lift trajectoi-ies of the KM-1 model 
launched at different angles, with and without booster, for 
design gross weights of 110 pounds for the basic body and 65 potmds 
for the booster stage. Ttie calculated vai-'iation of mECcimum velocity 
with launching angle is shown in figure 15* 

The launching calculations indicated tliat tlie second-stage 
rocket would increase the ma,ximum velocity of tlie -lM-1 model by 
approximately 33 percent. (See fig. 15 •) was adso indicated 
tliat the variation of maximum velocity with launching angle woiuld 
be SiiB-11 althougla hipest velocities would be encountered at Icnrest 
angles because of relieving gravitational effects . 

A launching an.gle of 60° was selected for the tests because 
lower angles produced trajectories less suitable for radar tracking 
aiud hitler angles caused unnecessary reductions in me,x3.mum speed. 

The calcu].atlons also showed tie necessity for strict weiglit 
control . Figure 16 presents the variation of maximum velocitj'" with 
overload wel^^t for the RM-1 mode], launched at These data 

show a sizable reduction in top speed witli increase in overload 
weiglit, the top speed decreasing approximately 100 feet per second 
for each 20 pounds added to the main body . 

Dummy flight tests .- The first BM-1 model to be fired was 
a dummy body of 127 pounds gross we5.ght equipped with a booster tail . 
The launching apparatus functioned perfectly in this test as in all 
others , and released the mode.l without any noticeable disturbances . 

A photograph of the model leaving the launching rarmi is shown as 
figure 17 . Althou^ the aircraft functioned well during the early 
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part of its flight, it did not i-each its top speed hecause of 
faii.ure of the "booster -rejection apparatus to reject the booster 
tail . Sentrj circuits thereupon prevented tlie sustaining rochet 
froEL firing and the entire assembly remained togs'bher throughout 
the fli{^it. 

Although the model launching did not accomplish its ulthuate 
aim, the results of the first test demonstrated 1iiat a two-stage 
rocket could be launched simply and satisfactorily from a zero- 
length laxmcher and that the stability of the missile pltis booster 
tail was adequate . In order to determine the stability of the 
basic body, a second dummj’' RM-1 model was fired without a booster 
tail. (See fig* l3.) Again launching was uiunaried and the air- 
craft control -fixed flight was completely stable. 

The failiire of the booster -re jection unit to function properly 
was believed to have arisen from failure, prior to flight, to 
compress fullj'' the rejecting spi’ing. (See fig. h») Consequently, 
the booster tiirust Jammed the alinement cone into the sustaining 
rocket nozzle and thereby prevented rejection of tJie booster tail. 

A new boos ter -re Jection imit was tlierefore designed (see fig. I 9 ) 
which avoided this difficulty and, in addition, lessened the weiglit 
of the unit. 

The third dummj'- fired consisted of the basic body with the 
revised booster tail. All apparatus fiuictioiied as desired - launching 
and booster separation were accomplished wltliout mishap. Eadar 
records obtained in this test are sham converted to velocity in 
figure 20. Tlaese data indicated that the maximum speed measiired in 
tlie test was well into the supersonic range (M = approx, l.^i-) and of 
tile order of the values calculated by the step-by-step procedure. 

It was noted from motion -picture records of the third fli^t 
tiiat the sustaining rocket fired almost immediately after the booster 
unit had been rejected. Tills condition arose as a result of the 
increase in the booster-rocket burning time due to the low atmos- 
pheric temperatures prevalent at the time of tlie test. Tliis phenom- 
enon, if accentuated fiu’ther, could have led to an explosion of the 
sustaining rocket due to blocking of its nozzle. Additional calcu- 
lations were therefore made to determine -the effect of increasing 
firing lag between tlie two rocket stages . These results Indicated 
only a small decrease in maximum velocity for reasonable time lags . 
Consequently, the arming circuits were rearranged to provide a less 
hazardous (2-sec) firing lag in the next tests. 
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Lateral Stabilization and Control Fli^t Tests 

The conclusion of the duimny tests provid.ed a pilotless - 
aircraft arrangement that could bo laimched, flo'.’/n^ and tracked 
up to velocities corresponding to a Mach number of approxiraately 
1.4. The aircraft was therefore equipped with apparatus stiitahle 
for a quantitative lateral -control investigation. For this phase 
of the flif^t investigation, the model was equipped with its 
flicker automatic pilot and the four-channel telemeter. 

Fli,ght of fourth model . - The fourth model having a gross weight 
of 124 pounds was laimched equipped with telemeter and automatic 
pilot. Althou^i tlie launching was successful, the airplane failed 
to reach supersonic velocities owing to ignition failure of the 
susta-ining rocket after the booster had been rejected. Tlie velocity- 
time data obtained in this fli-^t from the radar data are given in 
figure 21. The rada.r records sho\'r that the maximum speed attained 
by the EM-1 model was approximately 700 feet per second. 

Because of the low speeds obtained in the fourth flight, only 
the angle -of -bank telemeter records possessed quantitative signifi- 
cance. These data indicated that satisfactory bank stabilization 
of approximately t4° amplitude was obtained throuigb.ou.t the entire 
f li{^t . 

Fl i/tiit of fifth model .- The launching of the fifth model, a 
configuration identical in shape and equipment with that of the 
fourth, was completely successful. No difficulty was encoimtered 
in launching; the telemeter operated satisfactorily throughout the 
flight; and the model was tracked by radar over most of its initial 
flight path. Time histories of the longitu.dinal and noimial acceler- 
ation and total pressure obtained from the telemetered data are 
given in figure 22 . 

Velocity m.easurement . - A corqparison of velocity data as obtained 
from integration of the longitudinal acceleration data, tote.l -pres sure 
measurements, and radar records is given in figui’e 23. These data 
indicate good agreement between the tliree experiiiiental techniques of 
velocity measurement. Particuilarly good agreement (within t2 percent) 
was obtained at the transonic and supersonic velocities after the 
ignition of the sustaining rocket at t = 5*75 seconds (approx.). At 
lower velocities and times than those corresponding to this value, 
discrepancies in velocity values were moi’e evident. 

Tlie acceleration data are believed to give the most accurate 
velocity measurement at sme.ll fli^it times and hence a-t low speeds . 
Since errors are accumulative in an integration process, however. 
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the velocity eri-or should lncrec.se with time . Based on the telemeter 
accuracy previously mentioned (0.l6g), velocity errors from acceler- 
ation data were estimated to he of the ox’5.ex’ of t20 feet per second 
at speeds below 700 feet per second and about t^'O feet per second 
at liiaximum speed. 

Actually, it is believed tliat the accuracy of the acceleration 
results is much better than ‘the foregoing estimtes because of the 
close agreement of the acceleration data with the to'tal -pressure 
da.ta at high speeds, where the total -pressure process is be3.ieved 
to be more accurate. At the top velocity recorded in the fliglit, it 
is believed that the total -presaui'e measurements are accurate witliin 
i^O feet per second; however at low subsonic velocities the total- 
pressure data can have inaccuracies of over tlOO feet per second 
based on the previovisly mentioned telemeter accura.cy (tO.p in. Eg). 
Because tlie telemeter pressure commutator must be constructed in 
such a manner tJiat it vrill be capable of measu.ring tlie high impact 
pressures associated with transonic and supersonic velocities, it 
cannot be expected to measure accurately the i-elatively .low impact 
pressures associated with low subsonic velocities. The low-speed 
part of the velocity curve obtained from Impact pressure data has 
tiaerefore been omitted from figure 23 . 

The radar method of measuring velocity is believed to be the 
most accurate of the three methods employed. It is believed that 
velocity can be reduced from the radar data within tlO feet pei- 
second. of the tnie velocity values. This error is based on the fact 
tliat the longitudinal axis of the model is not constaaxtly in line 
witli the radar beam. It shoxild be observed, however, that this 
technique, like the acceleratioix method, I’egisters ground speed 
rather than airspeed and hence may differ from tota.l -pres sure va,lues 
depending on the winds encountered in fliglit. On -^die firing date, 
the winds at altitude vrere less tlian 15 feet per second; hence their 
effect upon the correlation of velocity techniques should bo small. 
Althougli the radar data were in excellent e-greement with those obtained 
from other methods after t = ? .75 seconds , the rs,dar data read Ict/ at 
times preceding tliis value . The reason for the discrepancy is 
beiieved to bo that the radar was reading the velocity of tlie booster 
tail during tlie coasting period. For a short perioci, of time, the 
booster vrould remain behind and directly in line with tlie model. 

Because of limitations in radar recording equipment, it was possible 
to obtain radar data for only a short period of time. In order to 
obtain tlie moat valuo.ble data, tlie equipment was not put in operation 
until approximately 4.5 seconds after tlie model was launched. As 
indicated in figure £3, no radar data are available after approximately 
7.5 seconds. After this tirae, the trackers were unable to keep the 
radar beam on the model . 
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Inasmuch as the acceleration data a{p:’eed closel;’- with other 
data at transonic and supersonic velocities and since tiie .acceleration 
data, are believed to be the most acciu’ate data a,vailable at subsonic 
velocities^ 'these ds-'ta were used to define the velocity character- 
istics of tho fifth fli^at of 'the EM-1 model. 

A comparison of -tl'ie results in figui-e 23 vit;?. 'those rn figure 20 
shc«fs 'that the naximuEi velocit;'' of t}ie EM-1 model in its fif'Ui 
flifjh't was somewhat smaller 'than recoi’ded by 'tJie rs-dar 'for the 
thix’d fli^t . This dif'ference in ms,ximam velocitj^ is believed to 
be largely due to an inequality in rocket thiust. He 'thrust of the 
booster and sustaini'ng rockets of the fif'tii model is shown j.n figure 2k- . 
These data, were obtained by adding the dx’ag in coasting flight to 
'the 'tlnnist curves in powex'-on flij^t and indicate 'that the sxistaining 
rocket of the fifth model produced less than its rated ttirust (1200 lb). 
Ca,lculations indicate that if the sustaining x’ocket had produced the 
same thrust as the booster rocket, a maximui'a veloci'ty in excess of 
'tJiat corresponding to a Jiach nimiber of 1.4 would ho.ve been obtained* 

Drag dats - • - The over-all drag and drag coefficient (based on 
maximuia body frontal area) of the I'M-1 model in power-off fliglit 
are shown plotted against hiach number in figure 2'p. 

The (drag da'ta for the EM-1 model show tlxat 'hie wing and tail 
surfaces experienced sharp drag increases in the I'4a,ch nurher region 
be'h/een 0 -95 and 1 .04 . A more graduaJ. increase in 'the drag coefficient 
occurred at I^lach numbers in the vicinity of O.QO 'bo O.95. This drag 
rise was probably caused by shock losses on the fi'iselage inasmuch as 
data from reference 1 indicate that a hi{;^. -fineness •■v’atio fuselage 
reaches its critical speed in this region. 

At supersonic velocities , the drag rose more gra,dually causing 
a near -linear decrease in the drag coefficieii'b. 

Drag results for 'hie EM-1 model are in agreement with theo- 
retical predictions and test d.ata measured, by others investigators. The 
critical speed range noted in the present tests is in good agreement 
wi'th 'bhat ob'ba,lned in wing-flow tests of a wing plan form similar to 
th.at of 'blie EM-1 model but of higjier aspect ratio. (See reference 8.) 

In addition, the theory of reference 3 ind.icates that the critical 
Mach number of a section increases as the cosine of the sweep angle . 

The critical Mach number of an airfoil section (NACA 65 -210) similar 
except in camber to the test section is eotima'bed from low -spend 
pressure measurements at M = 0.75* (See reference 9*) If tAe gain 
in cr-itical speed ve.ried as 'bhe cosine of 'blie sireap angle, bhe test 
wi'iig would have been e25>ected to reach its critical speed at M = I.06. 
Ihree -dimensional effects were apparently responsible for red.ucing 
tlie gain in criticaD. Mach number p?."’edicted by t\:o -dimensional theory 
to values measu.red in the tests . 
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A comparison of draj^-coefficient data for th.e EII-1 model with 
Dind.lar data obtained in tests of a reseajrcli model (the EM -2 aircraft) 
eqviipped with 45° swept -haclc wings by the f3.ight teclmiques of 
reference 10 is shovm in figure 26. All drag coefficients shown 
in this figure are based on tota.1 exposed wing and tail area to 
facilitate a more direct comparison. 

T!ie data presented in figure 26 show tliat the diag characteristics 
obtained in tests of the EM-1 model are in agreement with those 
meas^^red for the EM -2 model. Uie aircraft x’oached theii- critical 
velocities in tlie same region and their drag coefficients are in 
fair quantitative agreement. Uie hlghs^^ drag coefficients of the 
EM-2 model are ascribed to obvious aerodynamic differences in the 

Normal -acceleration data . ■ The normal-acceleration data plotted, 
in figure 22 show that the missile received a sharp incremental normal 
disturbance (about 2g) when the- sustaining rocket started firing. 

After the sustaining rocket vras fired, only small values of acceleration 
normal to the, longitudlrial axis were experienced, which Indicated that 
the missile was flying at a lift coefficient close to its design zero 
lift coefficient. 

Lateral fj.irht data .- Tlie flig^it history of the latei’al behavior 
of the EM-1 model as obtained from telemeter records is presented 
chronologically in figures 27 to 30. The results presented in figure 27 
show that the model received a sli^^it rolling distiurbance upon launching. 
Coiarective conti’ol by ailerons was apparently applied as indicated by 
tlie reversal of the banlc curve. At the 1 -second mail:, tiie data 
indicate that the model received a large x'olling disturbance causing 
it to diverge rapidly in left bank until the 3 *7 "second mar’k, at 
which time the control stopped the divergence and damped the motion 
to small values in slightly over 1 second. The cause of the rolling- 
moment disturbance is uncertain. The increasing slope of the bank 
curve after tiie 1 -second mark would appear to indicate that the 
control was inoperative for a short time . Tlius , it is possibl.e that 
the control was jammed for approximately 2 socond.s . It is also noted, 
however, that 'the time at which the control revescsed the rolling motion 
( 3.7 sec) corresponds to the time at which the booster thrust began 
to diminish. It is possib3.e, tlierefore, that tJie rolling disturbance 
was induced by povrer effects possib.ly tlirov-gh inflc.-r effects in the 
neighborhoo'd of the booster tail surfaces . 

Figure 28 shows that after the ailerons regained control of the 
mod.el motions, excellent roll stabillzatioii wa.s obtained up to Mach 
numbers of O .95 to 1.0. T}ie presence of an oixt-of-trim rolling moment 
on the model is indicated by tl:e asymmetry of tho rolling cuiTe witJiin 
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one -half cycle. Figure 31 sliows an enlargement of the actua], 
telemeter trace at Ifech numbers near 1 . 0 . An approximate estimate 
of the size of this out-of-trim moment and the aileron effectiveness 
was made by double -differentiating 'the bank curve of figure 31 nea,r 
its rieaks (where rolling velocity, hence aerodynamilc damping moments, 
are zero) and by assuming that the gross torqu.e (control moment 
t out -of -trim moment) was equal to the Inertia resisting moment 

Tills procedure indicated that at Mach numbers just below 1 . 0 , the 
out-of-trim moment was approximately 20 foot-pounds as compared with 
a control moment of approximately 2p foot-pounds. 

After a Mach number of 1.0 was reached the iil'i-l model diverged 
rapidly in roll althougli evidence of restoring control action 
persisted up to a Mach number of 1 .1 . At velocities higlier than 
tdia-t corresponding to this value of Mach number the model rolled 
continuously to the rlglit with no evidence of operative control. 

The failure of the automatic -pilot system to stabilize the model 
occurred in the velocity i*egion at which the swept-back wing became 
critical as indicated by the di’ag data. (See fig. 2^.) In this 
region, test da,ta obtained by means of the wing-flow method (refer- 
ence 11 ) show that trailing-edge controls 'mounted on swept -ba.ck 
wings undergo some loss of effectiveness . It is -probable, tliere- 
fore, that the rolling moDiants created bj>' tlio FM-1 ailerons were 
i^edLiced at transonic and supersonic velocities to 'values at least 
be].ow that necessary to overcome the out-of-tr'im mcraents . It is 
also possible that a rise in aileron hinge mcmienbs occurred at the 
critical velocity, which overloaded the servomechanisms and pre- 
vented control application. Further tests are required, however, 
to determine the qixantitative nabuire of tliese phenoxaena. 

Tlie telemetered data show that 'the Eli-l model rolled con- 
tinuously to the right at liach numbers above 1 .1 at a rate of 
approximately 1 cycle per second. As tJie mode], passed its peak 
velocity and entei-ed its coasting period, evidence of restorative 
control again became evident as a Mach number of 1.1 was reached. 

(See fig. 29.) At a Mach number of O.97, the control was sufficiently 
effective to halt tind reverse the rotation and good stabilization was 
again achieved at subsonic velocities . 

The subsonic rolling oscillation is shown in figure 30 and is 
typical of the oscillation induced by a rate -displa,cement flicker- 
type automatic pilot. If stops prevent "tiie deflection of the rate 
gyro (as was true for the tests) the displacement Q'roscope governs 
corrective control signal at large displacement angles . When the 
ang].e of bank is reduced to smaller values, the rate gyroscope governs 
signal reversal and a hi{^i -frequency, small -amplitude oscillation is 
created within the angular range controlled by the rate gyroscope. 
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The data of figure 30 indicate tliat the EM-1 model tend.ed to 
etahilize about a mean value of approximtelj’’ 22'^ ri{^t bank. 

Ihis value le believed to be in error because signal reversal is 
not possible with tJie automatic pilot employed at angles of bank 
gi-eater than tj.4° (the outer limits of the rate band) provided 
ttiat the spin axis of the displacement gyroscope is in t!ie plane 
of symjnetry of tl-ie airplane . (See fig • 5 • ) It is probable , 
therefore, that the displacement g;;rro3Cope px'ecessed dvn’lng tlie 
accelerated part of tiie flight and caused a rota-ry shift of its 
reference position to the rl^^t. 

The jpertinent charactei’lstics of the svibsonic rolling oscil- 
lation have beexa summarized in figure 32 e-nd show that both the 
amplitude and the period of the oscillations increased witli increase 
in for\"Tard velocity. The amplitudes of tlxe rolling oscillation, 
during the coasting fligjit are larger then those at ttie same speeds 
in accelerated fli/^it probably because of tlie greater initial .rolling 
disturbance induced by the continuous ri^xt spiral at supersonic 
velocities. The tendency of the rolling oscillations to increase 
witli velocity is due to the fact that the rolling velocities induced 
by a given control d.ef lection also increase with speed. Consequently, 
for a given automatic -pilot time lag (time betJ-reen detection of 
body deviation and time of control application) the amplitude and 
period will vary as a function of the roLling velocity and hence 
will increase wiiii airspeed. It can be seen that in order to obtain 
supersonic roll stabilization of the order obtained at subsonic 
velocities it will be necessary either to decrease the time lag of 
the automatic pilot or to reduce by some means the rolling velocities. 


CONCLUEBIG EEMAEI® 


A basic research vehicle capable of attaining fli^t speeds 
up to tlxose corresponding to a Mach number of 1.4 lias been designed, 
developed, and put into operation. Zero -length launchers and various 
flight operational techniques have been devised which permit tlie 
successful opers-tion of tX'ro-stage, rocket -pox/'ered, pilotless aircraft, 
and instrumentation has been developed which permits the transmission 
of data from a body moving at supersonic velocities. 

Data ob'tained from initial fli^^it tests confirm tlie theoretical 
advantage of swept-back wings. Drag values obtained at transonic 
and supersonic velocities were in general agreement with those 
measured by other fliglit teclmiques . Successful roll stabilization 
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"by means of a rate -displacement flicker-type all -electric automatic 
pilot was accomplished up to a Mach number of approximately 1.0. 
Excellent agi’eement was reached among three methods of laeasurlng 
transonic and supersonic velocities. 

Further tests are i-equired to develop aerodynamic controls and 
configurations suitable for operation at supersonic velocities and 
to develoxj moans of providing adequate stabilization within this 
region. 


Langley Memorial Aeronautical Laboi-atory , 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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-Antenna and instrument pickoffs 

-Telemeter /- /Automatic pilot 

-C.G. rocket loaded 

■Cordite rocket motor (sustaining) 




30.0 43.5 63.5 



Wings 

Fins 

Span 

26.00 in. 

20.46 in. 

Chord (min.) 

10.00 In. 

7.21 in. 

C\iord (max.) 

14.14 in. 

10.20 in. 

Sweepback 

45“ 

45' 

Area (exposed) 

565 sq in. 

293 sq in. 

Airfoil (min. chord) 

NACA 65-010 

NACA 65*010 

Fuselcige 



Length 

136 in. 

cc 

Diameter 

6 in. 


General 



Rocket motor : 


Figt 

Weight ( loaded} 

671b 

Weight (empty) 

40 lb 




'-5.0 Diam. 

Booster rocket motor, 
ejector unit, and fins 
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Figure 2.- Component design of RM-1 model. 
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/^/^ure 3. - yV/ng -ai/Bron /nsfa I lotion of the 

PM- 1 configurat/on . 
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Figure 4.- Initial booster -rejection mechanism 
of RM-1 model. 
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Figure 5. -Schematic diagram of RM-t automatic piiot. 
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A Heron def/ecfion, Sa , degrees 
f^/gure S. - Servomechanism characteristics 
of RM-i mode/ for one a/teron . 
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r iqure 7- - RM- 1 launching rack. 
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Fig. 8 



Figure 8.- The RM-1 model with booster tail 
mounted on launching rack. 
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Figure 9.- Continuous -wave Doppler radar set (AN/TPS- 5). 
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Figure 10.- Radio -transmitter part of RM-1 model four-channel 

telemeter. 
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(a) External forces on airplane in free fiight 



(b) Vectorial representation of iterant flight- 
path relationships fe^uation (&)). 
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Figure 12.- E^fi mated drag curve far RM~I coryf/garcrHon . 
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Cffi RM'/ ccfvfZgurcfZ7o/i. Gross weight, HO pounds^ 65~ pound booster. 
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Figure 17.- Launching of RM-1 dummy with booster tail. (First flight.) 
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Mgure 18.- Launching of RM-1 dummy without booster 
tail. (Second flight) 
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Figure 19.- Revised booster -rejection mechanism of RM-1 model. 
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Figure 31.- Telemeter record of roll oscillation 
of fifth flight of RM-1 model. 
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